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Abstract

Electron paramagnetic resonance (EPR) spectroscopy has previously been
employed in investigating excited levels of the ground-state manifold of the 5f7-
configuration-ion Cm3+ diluted in smgle crystals of the tetragonal-symmetry,
zircon-structure hosts LuPO4 and YPO4. The three intra-doublet resonances that
were observed in these earlier studies, however, were significantly broadened
due to radiation damage arising from the use of the 18.1 y half-life isotope
244Cm. In the present work, the isotope 248Cm (T1/2 = 3.4 x 10° y) with a
significantly lower specific activity has been incorporated in LuPO4 host single
~crystals in order to reduce the internal radiation-induced damage that can
broaden both EPR and optical transitions. By employing these 248Cm-doped
LuPOj4 samples, it has been possible to observe an additional “inter-doublet”
transition for Cm3+, to perform more accurate measurements of the various
“intra-doublet” transitions at higher microwave frequencies, and to obtain new
optical absorption and fluorescence data for this system. These new EPR and
optical results have led to a more complete and accurate determination of the
- energy-level structure of Cm3+. Additionally, it has been possible to detect
magnetic resonance transitions for the Cm3+ ion at room temperature for the first
time.



INTRODUCTION

Due to the essentially spherical symmetry of the wave function associated with
the predominantly L =0 ground states of transition-series ions with half- filled
shells (so-called S-state ions), only higher-order interactions are possible with a
sufrounding crystalline environment. Such higher-order interactions do, in fact,
occur and result in splittings of S ground states that are observed experimentally.
In the course of the past almost 60 years, various mechanisms or combinations of -
mechanisms have been pi‘oposed to account for the ground-state Spiittings of
S-state ions as revealed in the relatively extensive experimental EPR and
magnetic susceptibility results for ions of this type.

Despite the various prior théoretical attempts to account for the experimental
findings, the nature of the interactions responsible for the ground-state splittings
‘of S-state ions is, in general, still not well understood. In the particular case of
S-state ions associated with half-filled ‘shells in the 4f and 5f transition series (i.e.,
4f7- and 5{7- electronic configuration ions such as Eu2+, Gd3+, and Tb4* or Am?2+,
Cm3+ and Bk#4+), however, the significant differences that are found in the
magnitude of fhe evxperimentally‘ determined ground-stafe splittings can be
qualitatively accounted for by a consideration of the effects of intermediate-
coupling. For example, in the lanthanide series the 4f7-configuration Gd3+ ion -
has a ground-state wave function that is 98% 8S7,5. For the 5f7-configuration ion
Cm3+, which has a free-ion spin-orbit coupling parameter that is approximately
‘twice that of Gd3+ increased intermediate- -coupling effects lead to a larger
admixture of other states (still having J = 7/2 but with different values of L and
S) into the 8S7/5 ground state. This significantly larger admixture of non L =0
states results in a Cm3+ ground-state wavefunction that is only 79% pure 8S7/5.
These significant differences in the non-S-state character of the ground-state
wavefunctions of Gd3+ and Cm3+ are directly manifested in differences in the
effects that a crystalline environment has on the ground-state splittings. In the
case of the relatively pure 857/2 Gd3+ ion in different crygtaliine hosts, splittings
in the range of 0.1 to 1.0 cm! are found. The increased non-S-state character of
the Cm3+ ion, on the other hand, leads to a relatively larger interaction with the
crystal field and to the observation of ground-state splittings that are on the
order of 10 to 50 cm-L,



Other differences in the spectroscopic properties of the 4f7 and 5f7-configuration
ions that are associated with corresponding differences in the non-S-state
character of their ground-state wavefunctions are manifested in the observed
EPR spin-lattice relaxation times. In the case of 4f7-configuration ions such as
Gd3+, the spin-lattice interaction times are relatively long, and the electron
paramagnetic resonance absorption can be readily detected at room temperature.
" For the 57 -configuration ions such as Cm3+, however, the spin-lattice relaxation
times are considérably shorter, and accordingly, cryogenic Sample tempeijatures'
are generally necessary in order to observe the paratnagnetic-resonanée-
absorption signals. '

~ Historically, Cm3+ was the first 5{7 -configuration ion observed by means of EPR
spectroscopy. It should be pointed out, however, that the initial reports!.2 of EPR
' spectfa for Cm3+ ions in a LaCl3 host (which resembled the spectra observed for
Gd3+ in this same host) were quickly called into question based on the
investigations of Marrus et al3 and of Runciman.4 Subsequent EPR investigations
by Abraham et al.> who grew Cm3+-doped LaClj3 single crystals with higher-
purity starting material, showed that the actual Cm3+ EPR spectrum in LaCl3
consisted of a single anisotropic line with values of g, = 1.925 and

gl = 7.67. Accordingly, the initially reported results!2 were not due to Cm3*
but, in fact, represented the EPR spectrum of Gd3+. EPR results were also

6btaine_d for Cm3+ in the trigonal host La(CoH5504)3 -9H20 in which a singIe
anisotropic EPR transition with values of 8= 1.925(2) and g = 7.73(2) was only
observed at a temperature of 4 K. These observations provided additional
confirmation of the interpretation of Abraham et al’ regarding the earlier EPR
results12 which had been erroneously attributed to Cm3+ in the LaCl3 host.

Following the initial observation of the actual EPR spectrum of Cm3+ in the
LaCl3 host (and in La(C2H5804)3-9H2_O),vthe EPR spectra of Cm3+ and of the
isoelectronic 5f7 ions Am2+ and Bk4+ have been reported6—2 in a number of
(predominantly cubic) host-crystal systems including CaF,, SrF, BaFp, SrCly,
ThO, and CeQ5. For the specific case of Cm3+ in a cubic host, the cubic crystal
field splits the eightfold-degenerate J = 7/2 ground manifold into three
components—namely two doublets (I'¢ and I'7) plus a I's quartet. Measurements
~of the anisotropic spectral features observed at high microwave frequencies for



Cm3+ in the cubic hosts have been used to determine the splittings between the
ground I'g doublet and the excited I's quartet. For comparison purposes, these
results are summarized in Table 1 along with the comparable sp.littings for Gd3+
in the same hosts.” | | o

‘When an f7-electronic-configuration ion such as Cm3+ is subjected to a
tetragonally symmetric crystal field, the degeneracy of the 837 /2 ground state will
be removed by the formatlon of four doublet levels. For Cm3+ ions diluted in the
tetragonally symmetric zircon-structure host ThSiO4, however, no EPR spectra
were observed10. This finding was accounted for based on the observation of a
negative second-order spin-Hamiltonian parameter (b o) for the 4f7 jon Gd3+ and
the fact that the even larger negative parameter expected for Cm3+ would result
in an isolated li—7/ 2> ground-state doublet. In this case, no EPR transitions
would be observed for such a doublet since the g | value would be zero. |

The present work represents an extension of our previous investigation!! of
crystal-field- induced splittings of the gro‘uhd state of Cm3+ in the tetragonal-
symmetry host single crystal LuPO4 where an excited-state EPR transition was
observed. In this initial study of Cm i in LuPOy, a positive identification of the
Cm3+ resonance was made by dopmg the LuPO4 host with known relative
concentrations of the two isotopes 243Cm (I = 5/2) and 244Cm (I = 0). The
observed resonance was identified as arising from an excited-state doublet by
observing that lowering the temperature reduced the intensity of the EPR signal.

The experimentally determined axial g values of this doublet were fitted to a
wavefunction of the form al15/2) + B1¥ 3/2). In this case, the tetragonal
symmetry of the crystal field produces AJz = +4 admixtures in the wavefunctions
that result in non-zero g values for each of the four doublets arising from the
crystal-field splitting of the nominal 857 /2 ground state. Accordingly, transitions .
within each of the four doublets become allowed. The possibility of ebserving
some of these additional allowed excited-state transitions led to a subsequent12
combined EPR, optical, and Zeeman-effect study of curium in both LuPO4 and
YPO4. The isotopes 243Cm (I =5/2) and 244Cm (I = 0) were also used to
identify the Cm3+ resonance in these inveétigations. In this case, EPR
transitions were observed for three excited _doublets in each orthophosphate host



crystal. For the YPO4 host, the experimental axial g values were used to calculate
the g values for the lowest-lying ground-state doublet (whose EPR was not
observed). Optical-absorption and Zeeman-effect measurements yielded an
experimental g, value for the lowest-lying doublet that was in excellent
agreement with the value predicted on the basis of the EPR results.12

The present work reports the results of new EPR, optical absorption, and
fluorescence measurements for Cm3+ in LuPO4. Here the use of the isotope
248Cm with its 3.4 x 105 year half life and lower specific activity (relative to the
'244Cm isotope present in the orthophosphate host crystals used in the two
previous studies noted abovell12), reduced the broadening of the absorption-
lines induced by internal radiation damage. Through the use of these higher-
quality samples, the EPR observation of an additional “inter-doublet” transition
‘was possible. Additionally, new, more accurate measurements of the “intra-
doublet” transitions were made using higher microwave frequencies (Q-band)
rather than the X-band frequencies employed previously. The additional
magnetic-resonance and optical data obtained here have led to a more accurate
determination of the Cm3+ energy-level structure. Finally, the room-temperature
Cm3+ magnetic-resonance spectrum reported here represents the first
- observation of an EPR transition at room temperature for an actinide ion.13

EXPERIMENTAL

The single crystals of LuPO4 doped with 248Cm3+ (or in some cases with
243,244Cm) and employed in this work were grown from a PbyP>07 flux by
means of a high-temperature solvent technique described previously.14 In the
~case of the 248Cm-doped specimens, the doping level corresponded to the
addition of 10 mg of 248CmO3 to 260 mg of LuO3. The doping level in the
243,244Cm-doped samples corresponded to the addition of 6 mg of 243, 244CmO,
to 350 mg of LupO3. The 248Cm-doped samples selected for the EPR and optical
experiments were typically 5 x 2 x 1 mm3 with the long dimension of the crystal
“corresponding to the four-fold crystallographic c-axis. These specimens were
transparent with a slight pink coloration. The crystals of LuPOy4 doped with

| 243244Cm, however, turned black within a few days due to the radiation damage

associated with the high specific activity of these isotopes. Annealing the



~ 243244Cm-doped crystals at ~550°C for a few hours returned the material to its

original state, although after several such annealings, the damage to the
specimen appeared to be permanent, and the crystals remained a grey-to-black
color that could not be removed by further annealing.

In carrying out the X-band (~9 ‘GHz) EPR experiments, the Cm-doped crystals
were mounted inside a Kel-F cylinder that was then inserted into a reetangular
TEjp2-mode microwave cavity so that the crystallographic c-axis lay in the
horizontal plane. The EPR spectra could be recorded for sample temperatures
ranging from ~2 to 350 K by using an Oxford Instruments model ESR-910
continuous flow cryostat. For the Q-band (~35 GHz) EPR experiments, the
LuPOy4 single crystals were placed inside a segment of polyethylene tubing that
was sealed at both ends and then inserted into the cylindrical TEg11- -mode
Q-band cavity. The Q-band EPR measurements could be performed with sarnple
temperatures of 300 K, 77 K, and 4 K by usmg concentric double glass dewars. -

* The variation in the magnetlc-fleld position of the anlsotroplc EPR transitions
was determined by altermg the angle between the crystal c-axis and the magnetic
field direction by means of a rotating goniometer attached to the X-band
microwave cavity. In the case of the Q-band EPR measurements, this angle could
be varied directly by brotating the magnetic field. The microwaves were
generated and the EPR signals detected using Varian E101 (X-Band) and E110
(Q-band) microwave bridges. Microwave-frequency measurements were made
with an EIP-548 frequency counter, and the magnetic-field values were
determined using a Varian E-500 NMR Gaussmeter.

RESULTS AND DISCUSSION

A. EPR Results

Examples of the X-band EPR spectra obtained at various sample temperatures for
248Cm3+ in LuPOy are shown in Fig. 1. While a number of EPR lines were
- observed, by comparison with the knewn spectrum of Gd3+ in LuPOQy, it was
possible to establish that only three of the transitions could actually be assigned
to Cm3+ and that the remaining lines represented contributions from Gd3+. This
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assignment was further confirmed using the EPR spectrum of a 243, 244Cm3+-
doped LuPOy4 crystal where the distinct six-line hyperfine structure due to the
I=5/2,243Cm isotope (hyperfine coupling constant A = 23.14(4) G) could be
resolved on the transitions that were due to trivalent curium. Additionally
distinctions could be»made between the characteristics of the Cm3+ and Gd3+
EPR lines. In general, the Gd3+ lines, which were narrower than the Cm3+
absorptions, could be easily saturated at low temperatures, and accordingly,
these lines only interfered with the Cm3+ data collection when the magnetic-field
orientation was such that the EPR transitions of the two elements overlapped.

The Cm3+ EPR transitions, which exhibited linewidths ranging from 20 to 80
GauSs, could be observed up to room temperature. The linewidths were, in fact,
relatively independent of the sample temperature with the exception of the
I+1/2> transition whose linewidth narrowed significantly as the temperature
was lowered. The observed intensity behavior of the EPR transitions with
decreasing temperature indicates that the Cm3+ crystal-field states in the LuPOg4
host are relatively close in energy, i.e., large variations in the relative intensities
of the transitions as a function of temperature were not observed. The observed
resonance lines were assigned to the doublets: [+1/2>, 1+£3/2>, and 115/2>,
and the measured g-values were least-squares fit to the relation:

g2 =g? cos20 + g2} sin26.

While the resonance of the |£7/2> doublet could not be observed, its g-values
were calculated using the admixture coefficients a and b obtained for the 1+1/2> -
doublet. The resulting g-values for all four doublets are given'in Table 2 for the
three sample temperatures 298 K, 77 K, and 4 K. In the case of the low-
temperature g-values, the results were found to be in good agreement with those
obtained in the earlier work.12 7 |

- When the Cm3+-doped LuPOj4 samples were examined using the higher Q-band
_frequency, additional EPR lines were observed; and up to six of these transitions -
could be attributed to Cm3+. It was not possible, however, to determine the full
angular variation for all of the observed Cm3+ transitions due either to rapid
decreases in the absorption intensities as a function of the applied-field

L



“orientation or to magnetic-field positions that exceeded the available maximum
‘magnetic field. Other than the transitions that had already been observed in the
X-band EPR experiments, it was possible to determine the angular variation for
only one of the additional lines observed at Q-band. This transition occurred ata-
very low rnagnetic-field valueand exhibited a large temperature dependence of
its magneticéﬁeld position (see Fig. 2). A similar transition was also observed for
Cm3+ in the tetragonal YPOy4 host, but in this case, the temperature dependence
was reversed. At room temperature with an applied magnetic field orientation
H | c-axis (6 = 90°), this resonance had a gl .value of ~49 in LuPO4 (or ~15 in
YPOy); but when the temperature was loWered to 77 K, the g-values shifted

~ dramatically to g 1. ~22 for LuPOy4 (or gl ~18 for the YPO4 -ho‘st); This resonance

cannot be assigned to a transition within any of the four Kramer's doublets and
can only arise from a transition between different doublets. Such “inter-doublet”
transitions are common in the case of 857/, lanthanide ions where the zero-field
splittings are small, but they are somewhat unexpected in the case of the actinide
ion Cm3+ since energy separations between two doublets (~35 GHz, 1.2 cm1) are

: require'd that are significantly smaller than any of the splittings determined
prevxously (see Table 1). Additional experiments were performed 1n order to

| conﬁrm the existence of this ~1 cm1 splitting. ’

An additional anomaly was exhibited by this low-field resonance when the
microwave frequency was changed. At room temperature and with the applied
magnetic field oriented perpendicular to the crystallographic c-axis, the “intra-
~doublet” resonances for Cm3+ in LuPO4 were all observed to shift to higher
magnetrc-ﬁeld values as the microwave frequency was increased. In the case of
the low-field resonance, however, the EPR line shifted to lower magnetic-field
-values with increasing microwave frequency (e.g., at a microwave frequency of
34.445 GHz the magnetic-field position of the line was 550 G wh11e at 34.906
GHz, the line was located at 485 G).

It is po'"ssible to estimate the energy differences between the four ground-state
‘doublets of Cm3+ by determining the temperature dependence of the intensities
of the three “intra-doublet” resonances and by assuming that the positions of the
crystalefield-level energies only undergo a slight variation with temperature. In
~carrying out this determination, Cm3+:LuPOy spectra were recorded in the



temperature range from 10 K to 300 K. Careful measurements of the relative
intensities of the observed transitions yielded a value of 5.8 £ 1.5 cm1 for the _
energy difference between the 1£5/2> and |43/2> doublets and a value of 1.1 +
0.5 cm-! for the separation between the 1£3/2> and 1£1/2> doublets. Unless
additional assumptions are made, the energy separation between the [+7/2>
and 145/2> doublets cannot be obtained. In any event, the results for the “inter-
doublet” energies, coupled with the observed temperature dependence of the
low-field transition, indicate that the low-field resonance is a transition between
the 1£3/2> and |+1/2> doublets. Since it is possible to make an assignment of
this transition with some confidence based on the Q-band results, it was included
along with the three “intra-doublet” resonance transitions in making a least-
squares fit to the usual tetragonal spin-Hamiltonian—including both the Zeeman
and crystal-field interactions.

‘The assignment of the “inter-doublet” transition effectively fixes the energy
difference between the two doublets at a value of ~1.2 em™! and, therefore,
51gn1f1cant1y restricts the possibilities for choosing and varying the parameters.
Among the four possibilities that exist for a transition between the 1+3/2> and

. |+1/2> doublets, the best fit was obtained with the “inter-doublet” transition

assigned as the transition between the upper Zeeman level of the. [1+3/2>
doublet and the lower Zeeman level of the |+1/2> doublet. The spin-
Hamiltonian parameters éorresponding to the best fit are given in Table 3 along -
with the calculated zero-field energies. A calculated fit to the experimental data
is illustrated in Fig. 3. In the case of the three other possible assignments, the fits
were not as good even though convergence could be obtained. Nevertheless, the
parameters obtained from the other fits agreed to within 20% with the “best-fit”
parameters, and the calculated zero-field energies are within 2 cm'l_ when
compared with the “best fit” values.

The calculated zero-field energy differences at 10 K are 1.4 cm-!and 6.2 em1 for
the 1£3/2> — 1+1/2>, and |+5/2> — |43/2> separations respectively, and
these values are in good agreement with the results obtained from the
temperature-dependence invéstigation. For the case of the |+7/2> — [1+5/2>
separation, the calculated energy difference is 3.8 em”l.  In Fig. 4,
‘the calculated energy levels of the four ground doublets of Cm3+ in LuPOy4 are
plotted as a function of the applied magnetic field for a sample temperature of
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77 K with the applied magetic field oriented perpendicular to the c- crystal axis.
The observed relatively large temperature dependence exhibited by the “inter-
doublet” transition can now be understood by referring to Fig. 4. The calculated
energy separation between the 1+3/2> and 1£1/2> doublets is 1.4 cm™1 and
1.3 em1 at 10 K and 298 K, respectively. The difference of 0.1 cm! for the
different sample temperatures is significant in the microwave frequency range,
and consequently, a relatively large shift in the resonance field with temperature
will occur. Additionally, from Fig. 4 it can be seen that an increase in the Q-band
frequency will shift this resonance to lower magnetic field.

In the case of Cm3+ in the cubic fluorite-structure host SrCly (the only other
~ system where the complete Cm3+ zero-field splitting has been determined), the
Cm3+ EPR signals can be detected at temperatures as high as 200 K.9 For the
'Cm3+:SrCly system, the zero-field splitting is 20.43 cm-1. The zero-field splitting
for Cm3+ in the tetragonal symmetry site of LuPQy is about one-half that of the
- splitting for Cm3+ in SrClp. It is, therefore, reasonable that the Cm3+ EPR
transition can be observed at room temperature for the LuPO4 host. On this
same basis, however, it is somewhat surprising that Cm3+ EPR signals have not
 been observed above 4 K for the hexagonal-symmetry host LaCl 3511 |

B. Optical Results

The amount and type of information that can be obtained byA means of EPR
spectroscopy is effectively limited by its restricted energy range and the number
and type of transitions that can be detected and assigned. Optical spectroscopy,
on the other hand can generally be used to obtain information over a much wider
. energy range, and accordingly, optical methods were used to support and
confirm the EPR results for Cm3+ in LuPOy. In fact, in the present case of Cm3+
in LuPOy, the total zero-field splitting of the ground state of ~10 cm-1 and the
energy separations between the four Kramer’s doublets of 1 to 7 em! can be
readily resolved by means of optical spectroscopy where a resolution of 0.1 to
1.0 cm! can be achieved. Additionally, optical spectroscopy provides
information on the crystal-field splittings of the excited electronic states and on
the energy separation between the crystal-field-split manifolds.
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In D,4 symmetry, all half-integral ] manifolds of the £ configuration decompose
into (2J+1)/2 Kramers’ doublets with labels of [ or I';. The selection rules are
the same for both absorption and emission spectroscoples, and the allowed
electric-dipole transmons are:

Fs —)F6'l"7
G{ T7Te Iy
)

L, T

where 7 is the polarization of the electric field along the z direction (crystal c-axis

El10), and ois the polarization of the electric field along the x (or y) direction (E

L ¢). From the EPR results, the total zero-field splitting of the ground J = 7/2

state was found to be ~10 cm™l. Therefore a population of and absorption from
| every doublet of the ground manifold is expected.

In general,'the measured optical-absorption spectra at 4 K for Cm3+ in LuPOg
showed relatively sharp (FWHM of 1-2 cm’)), but very weak lines. This weak
intensity limited the accuracy of the optical measurement. Fewer lines than were
theoretically predicted could be detected. Below 24,000 cm™l, only nine out of
eighteen predicted transitions were observed, and only four lines were detected
above 24,000 cml. This weak intensity is, in part, due to the low concentration of
Cm3* present in the crystals. The absorption lines did not exhibit very well
defined polarization characteristics which made their assignments difficult.
Accordingly, a consistent set of crystal-field parameters could not be obtained.
~ In addition, the total splittings of the excited-state ] = 7/2 manifolds could not be
determined since only two crystal-field states were found in each of the 6D7 /2
~and 617 /2 free-ion states. The cummulative results for the measured energy levels
of the Cm3+:LuPO4 system are summarized in Table 4. |

~

Many of the observed transitions occurred in groups of two or three, spread over |
a region of <10 em™, instead of appearing as a single line, and this fine structure
undoubtedly arises from the ground manifold of Cm3+. (Splittings of excited

states by the crystal field are normally on the order of tens to hundreds of

~



12

wavenumbers.) Using the knowledge of the zero-field splitting as determined
from the EPR daté, it is straightforward to interpret these lines. Of the thirteen.
transitions recorded, all but three of the weakest exhibited fine structure. Most of
these showed a splitting of 3.2-3.8 cm’}, and for some, a second splitting of 7.4
10.0 em™! was also observed. However, none of the transitions showed the
quartet structure as expected. The inability to observe a fourth line in the fine
structure is probably due to a combination of i) a low population of the highest
state of the ground manifold, ii) a low probability for transitions arising from this
state, and iii) the broadness of the peak widths which cannot be resolved. Both
the polarized and unpolarized spectra recorded at 77 K are relatively similar, and
the room-temperature spectra exhibit significantly broa_der peak widths with
much of the fine structure unresolved. Hence, although the optical absorption _
data for the splittings are consistent with the EPR data, in faét, information that
‘was more precise than the EPR results was not obtained by this technique.

Excitation spectroscopy is inherently more sensitive than absorption
spectroscopy in probing the line positions of excited states. Therefore, a tunable
- dye laser (Coumarin 487) pumped by an argon laser was used to provide
excitation in the range from 19,500 to 21,000 cm™l. The 248Crn:LuPO4 specimen
was maintained at a temperature of ~10 K during the excitation measurements,
- and the fluorescence intensity of the 16,528 cm™! line was monitored while the
‘excitation frequency was scanned. The resulting spectrum is shown in Fig. 5.
Three relatively sharp lines plus a very weak shoulder were observed. These
three lines are also observed in the 77 K absorption spectrum at = 19,770 em’,
which is also included in Fig. 5 for comparison. The shoulder, which was not
observed in the less-sensitive absorption spectrum, is assigned to the absorption
originating from the highest doublet of the ground manifold. Its low intensity is
probably due to a very small transition probability rather than the low
population since the absorption arising from the next-highest doublet (which is
only 1.4 cm! away) is much stronger. The splittings of the ground manifold are -
determined to be 0.0, 3.6, 8.5 and 9.9 cm™\. These values are to be compared with
the values of 0.0, 3.8, 10.0 and 11.4 cm™! as measured by EPR spectroscopy at 4 K.

A second peak was found at an excitation frequency of 20,180 em™l. This peak is
very weak and broad, but it appears to have the same overall width (= 10 em™)
and profile as the group at 19,775 em’l, Since this peak does not correspond to
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~ any line in the absorption Spectrum (see Table 4) or exhibit any fine structure, it
was not investigated further.

The fluorescence spectra of Cm3* in LuPO, were obtained with an argon-ion
laser providing the excitation. The emission photons were collected at an angle
of 90° relative to the laser-excitation photons and were analyzed using a SPEX
1403 double monochromator. The results are tabulated and summarized in
Table 5. These results are reminiscent of the absorption peaks—i.e., they are
relatively quite weak and do not exhibit well-defined polarization characteristics.
With the exception of the peak at 16,575.4 cm™, they all show splittings of 3.2-3.5
cm! and 8.1-8.8 cm’!, but again no quartet structure is apparent. Consequently, -
~in a manner similar to the absorption spectra, they are consistent with the EPR
results.

DISCUSSION

In fitting the experimental data obtained for Cm>* in LaCl,, Carnall!” noted that
- employing the crystal-field parameters determined for Bk3* in LaCl, resulted in
a better fit (lower error) to the observed levels of Cm3+:LaC13, than did the set
obtained for Am3*in LaCl;. When allowed to vary freely, the crystal-field
parameters for Cm3*in LaCl, took on values somewhat intermediate between
those of Am3* and Bk3*. The fit did not, however, result in a lower error than
that obtained with the crystal-field parameters derived for BK3* in LaCl;. Both
the EPR data® and the fluorescence results!8 for Cm3* in LaCl; were interpreted
as identifying the ground state as ]2 = |+1/2> which is inconsistent with the
" computed ordering of the ground-state levels. Carnall'” concluded that the total
splitting was <8 cm! and that the ground state was J, = 1£7/2> and “considered
the discrepancy to repr‘esent‘an unresolved problem.” While the calculated
splitting cannot be given too much significance due to the large uncertainties
associated with the determined parameters and the large number of levels to be
fit over an extended range (>30,000 em™1), it raises the question:’ How well can
the zero-field splitting of the ground S-state of Cm3* be described by the crystal-
field splitting of the excited states through intermediate coupling? Recently, the
zero-field splitting of a Gd3* S-state was found to be a reflection of the crystal-
field splitting of the excited 6P7 /2 manifold.!? It is expected that crystal-field
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parameters of the excited states are more applicable to Cm>* S-state splittings
than to Gd3* S-state splittings since intermediate-coupling effects are
significantly larger for the actinide ion. The calculated ground S-state levels in
| Cm3+:LuPO, using the free-ion parameters of Cm3* in LaCl; and cfystal-field
parameters for Nd:YPO4 lie at2.3,7.3 and 7.7-cm’L. ' |

No crystal-field parameter for any actinide in LuPOy is currently available, and
the splittings of the 6D7 /2 or the 617 /2 manifolds in Crh3+:LuPO4 could not be
determined. If the large intermediate-coupling effect is the most important zero-
field-splitting mechanism in Cm3+:LuPO4, then the spin—_Hamil"conian parameters
can be related to the crystal-field parameters through the use of operator-
| equivalent factors.?0 The resulting crystal-field parameters can then be used to |
calculate the wavefunctions of the crystal-field states of the neighboring actinides
in LuPO4. Such an approach relies 'o_n the expéctation that crystal-field
parameters of neighboring elements do not show large variations—an
assumption that is oftenAborne out by experiment. For e.xample,' the ground
crystal-field state of Np4+ in ZrSiOy4 (D, site symmetry) was calculated to be a
' T, doublet by using the free-ion parameters of Np**: Zr(BD,), and the crystal-
field parameters of Ut :ZrSiOy4. This result was experlmentally confirmed by
EPR.2! The ion Pu®* in ZrS1O4 was also found to have very similar crystal-field
parameters. 22 For the present purposes, the g-values of the electronic ground
states in Pu*:LuPO, and Cf*:LuPO, have been determined by EPR?? and
compared to those calculated by using free-ion parameters from crystal-field
analyses of Pu3*, Cf3+:LaCl317 plus a set of crystal-field pafameters obtained
from the Cm3+ spin-Hamiltonian parameters using the operator equivalent
factor method. Operator equivalent factors have been calculated for a 50-term
Cm?3+ wavefu_nc:tion,?'4 and they are used here, together with tabulated
conversion factors, to obtain the following ”crystal -field parameters’; following
the Wybourne conventmn26 for Cm3+: :LuPOy (in cm” 1 at 10K): B(z) 446, B =322,
B = -850, B =-1,080, and B = 818.

SUMMARY

The zero-field splitting of Cm3+ incorporated into LuPO4 has been determined
by EPR, and the results obtained from additional optical fluorescence and

-
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absorption experiments are found to be in reasonable agreement with those
obtained from the X- and Q-band resonance measurements. Although the
splitting is large compared to the microwave frequencies employed, four
transitions could be assigned and were fit to give a consistent set of spin-
Hamiltonian parameters. The total splitting of =10 cm-1 is considerably smaller
than the only prev1ously known Cm3+ zero-field splitting of 20.4 cm -1
determined for the cubic host SrCl2. The somewhat unexpectedly small crystal
field is probably responsible for the first observation of room-temperature EPR of
an actinide ion. The cause of this significant decrease in the total zero-field
splitting of Cm3+ is not accounted for. Itis unfortunate that the crystal-field data
for the excited states are not presently available so that a more detalled
comparison could be made between the splittings of the ground and excited
manifolds in order to shed additional light on the mechanisms that affect these
splittings. |
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Table 1. T'g — I Splitting of the Trivalent 4f” and 5f7 S-State Ions in Cubic
Crystal Fields at 4.2°K (after Kolbe et al., (1973)).

Host : Lattice - Ggd3t Cm3*

Constant (A) (cm™ C (em™

CeO, 5.41 0.0653 + 0.0004 17.8+0.3

. ThO, | 5.60 0.06645 + 0.00008 155+0.3

CaF, 546 0.0578+0.0001 134£05

StF, 580  0.05010.0002 112+ 0.4
BaF, 6.20 0.0448 % 0.0002 S

SrCl, 700 1 0.01979+0.00004 5.13+0.05
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- Table2. Measured g-values of Cm3+:LuPO4 at Various Tempetaf_:ures
(Microwave Frequency = 9.17 to 9.32 GHz). ?Calculated using gy=1.925.

al+7/2)-b13%1/2)

Temperature 298K 77K 4K
A 81 g1 81 gri- . 81

al+1/2)+b | 17/2) 1.46‘(3) -:7434(10')'. 1422(3) 7.341(10) 1.380(3) 7.284(1‘0)
¢ 1£3/2+d 1 3572y 417(2) 3.98(25 4.15(15 408()  412(1) 410(1)
| C’ 1£5/2)-d 1 33/2y 806(4) 398(2) 7971(5) 408Q2)  7.977(5) 4102(2)
(12,79)a,'.(o.21)a._ 12727 (023 (12.69)2 (0.25)




21

Table 3. Spin-Hamiltonian Parameters and Calculated Zero-Field Energies of
Cm3+:LuPO4 at Various Temperatures. See Refs. 11 and 12

for the definition of the_ba parameters.

—— e ——————— e p—————:
Temperature 298 K _ 77K 10K
g 1925 1925 1.925
b, (cm™) 074 -0.910 -0.936
0, . | _ o
by (cm ) 0.074 0.056 - ‘ 0.051
0, 4 |
bg (cm™) 0.056 ' 0.059 10.060
4 . _ » _
by (cm ) -1.036 -1.347 - -1.429
bg (cm ) . -0.146 ' -0.608 - -0.645

O R ™ e e e T |
e —
{
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Table 4. Absorption Spectrum of Cm3+:LuPOg at 4.2°K

SL] State Experimental (em™
céspech'um -T-spectrum
8
S7/2
Dy, 16528.3 cm’! 165283 cm™!
16524.9 A=34
16519.9 A=84 16519.9 A=84
16577.5 16577.3
1°Dsy2 19775.3 197754
197718 A=35
197679 A=174 19767.5 A=79
6
I7/2 - —
214453
21441.6 A=37
21437.7 A=76 21437.1 A=82
21471.7
21468.6 A=31
21463.6 A=81
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Table 4. (continued)

SLJ State Experimental ) (cm’lr)
o-Spectrum #t-Spe_cfrum
P/ 22034.1 22034.1
22137.1 22137.0
“ly/2 — —
22585.0 —
22581.2 A=38 |
225759 A=91 22575.0 A =100
22664.5 22664.8
22661.3 A=32 |
19767.9 A=74 19767.5 A=79
L17/2 24612.3
%111/2 24608.9 A=34 24608.7 A=34
24603.3 A=9.0
24690.8 24690.8
- 24687.0 A=32
24682.8 A=80" 24682.0 A=88
247925 247927 |
247840 A=85 |
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Table 5. Fluorescence spectra of_Cm3'i':LuPO4 at 10 K

excited with the argon ion line at 496 nm (20,156 cm™).

c-Polarization

rt-Polarization

16528.4 cml(s)

16525.0 (W) A =34 cm-1

16528.4 cm-1(s)

1;6525.0 9W) A=34cm-1

16519.6(s) A =88 16519.6 (m) A=88
16575.4 (br)

19775.7cm1(w) 19775.4 con1(s)

19772.2 (w) A =3.5cm1 19772.2 (w) A=32cm1
19767.5 (s) A=82 197673 (m)  A=8.1
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Figure Captions

Fig. 1. EPR spectra of Cm3+:LuPO4 at various temperatures (peaks not
labelled are due to Gd3+ impurities) Microwave Frequency = 9.235 GHz and
6=0° (H IO |

Fig.2.  Angular and temperature dependence of the Q-Band EPR low-field .
transitions in Cm3+:LuPO4 (open symbols) and Cm3+:YPO4 (solid symbols)

Microwave Frequency = 34.885 GHz. 0°is H IC.

Fig. 3. Experimental and fitted dependence of the EPR spectra as a
function of the angle between the crystallographic ¢ axis and the magnetic field.
(A) Microwave frequency = 9.235 GHz, 77 K and (B) Microwave frequency = 9.4
and 34.742 GHz, room temperature.

Fig. 4. Calculated Zeeman energy levels for Cm3+:LuPOy4 and the
observed X (0.3 cm1) and Q (1.2 cm1) band EPR transitions with the magnetic
field perpendicular to the crystallographic ¢ axis at 77 K.

Fig.5..  The excitation spectrum of Cm3+:LuPOy at 10 K and the absorption
spectrum at 77 K. The x-axis is the excitation and absorption frequency; the
fluorescence intensity was measured at 16,528 cm-1. No polarization was used
and the measured peakwidths of the excitation spectrum (FWHM) are, from left
to rlght 1.5em71, 1.2 em 1, and 1.2 em-1.
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